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KEY POINTS

� Rheumatoid arthritis is the most frequent rheumatic disease with a higher prevalence in
females than in males.

� Pain is a cardinal symptom of rheumatoid arthritis and strongly impacts patient quality of
life.

� Sexual dimorphism in pain processing has been described in the literature since 1988.

� Sexual dimorphism in rheumatoid arthritis has been reported. However, there remains a
dearth of studies directly addressing sexual dimorphism in rheumatoid arthritis pain
mechanisms.
A BRIEF OVERVIEW OF RHEUMATOID ARTHRITIS

Historically, rheumatoid arthritis (RA) was first described in 1800.1 It is at present the
most frequent chronic inflammatory rheumatic disease.2 RA prevalence ranges from
0.3% to 1.0% of the population in industrialized countries according to the World
Health Organization3,4 and its incidence increases with the aging of the population.5,6

This disease is characterized as an autoimmune-mediated inflammatory disease that
involves both immunologic activation and inflammatory pathways. Once these path-
ways are triggered, it results in a self-perpetuating process that leads to joint inflam-
mation, cartilage degradation, bone erosion, and chronic pain.7 Identification and
prognosis of patients with RA have been improved with the recognition of specific
anticitrullinated peptide antibodies (ACPA)8 in addition to rheumatoid factor.9 Indeed,
the detection of anticyclic citrullinated peptides antibodies (anti-CCP) presents with a
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98% specificity and are thus considered as useful tools for the diagnosis of rheuma-
toid disease.10 Although the dynamic process of rheumatic disease initiation and pro-
gression is not clear, a robust association between genetic,11–15 epigenetic,16–21

environmental,22–29 and immunologic30–34 components during the development of
RA has been demonstrated.
From the genetic perspective, it is well-recognized that RA susceptibility may be

strongly linked to family history.35 The increased prevalence of disease within racial
groups has been shown, as in native Americans where prevalence rates of RA of
5% to 7% have been reported.36 Since the early 1970s, class II human leukocyte an-
tigens (HLA) were associated with susceptibility to RA.37,38 The major HLA susceptible
locus associated with RA is HLA-DRB1, especially with regard to a specific sequence
of amino acids referred to as “the shared epitope” in different HLA-DRB1 alleles (eg,
*01, *04, *10, *14).39 Specific amino acids at position 11 (eg, Val, Leu, Pro) or 13 (eg,
His and Phe) are strongly associated with RA development.40,41 Other non-HLA genes
have been shown to be associated risk factors for developing RA, including PTPN22,
TNF, IL-1B, CRP, and CTL4.13–15,42 Although these genetic associations with RA sus-
ceptibility are robust, there is not a perfect genetic consonance and other factors
clearly can contribute to the development of RA. Associated variables that have
been strongly implicated in the development of RA include environmental factors,
such as cigarette smoking,22 pollutants (eg, silica),43 and patient variables (eg,
diet),44 mucosal microbiomes,28,29,45–47 and sex/gender.48,49

Of particular interest in this review is the issue of the sex linkages and the develop-
ment and progression of RA. The RA diagnosis in fact presents as a heterogeneous
phenotype, the severity andpatternsofwhich are influencedby sex-associated factors.
RA is 2 to 5 times more common in women than men, depending on the region in the
world.5,6 Inwomen,RAonset is commonly seenbetween30 to 60years of age,whereas
inmen, RA often begins later in life.50 Thus, after the age of 65, the ratio of the incidence
inmenandwomen shiftswith thepredominance occurring inmenmore than 75 years of
age.49 Although it is not clear which factors drive the sexual dimorphism in patientswith
RA, comparing clinical data in humans, and preclinical studies in rodents, several hy-
potheses have been proposed based on sex hormones51–53 and immune cells.54
PAIN IN RHEUMATOID ARTHRITIS
Model of Phases of Pain in Rheumatoid Arthritis

The mechanisms underlying pain state in the patient with RA represent complex pro-
cesses that differ between stages of the disease (Fig. 1).55 The production of autoan-
tibodies (eg, rheumatoid factor, ACPA, anti-CarP) starts months to years before the
onset of the disease, gradually increasing56 (dark blue line; see Fig. 1, ➊). We now
recognize in the early preclinical arthritis phase, patients can suffer from arthralgia
(purple line; see Fig. 1, ➊) before the development of clinically evident signs, such
as palpable synovitis (dotted blue line; see Fig. 1, ➊). In the subsequent development
of active disease (eg, with clinical signs of joint pathology), patients with RA develop
chronic inflammatory joint pain, which display a cyclic waxing and waning (see Fig. 1,
➋). These clinical signs may then display some degree of remission after treatment
with modern therapies. In remission, pain resolves in some patients (see Fig. 1, ➌),
but in a significant proportion of patients arthralgia persists57 (see Fig. 1, ➍). More-
over, remission is not necessarily associated with declining autoantibody titers and
disappearance of autoantibodies remains rare58 (dotted dark blue line; see Fig. 1,
➍). Mechanisms involved in RA pain are also different between stages (for an exten-
sive literature on this subject see reviews55,59–62).



Fig. 1. Pain evolution according to RA disease activity. In RA, pain symptom in patients fol-
lows different steps55: ➊ in a preclinical stage, patient can develop arthralgia before the
onset of the disease potentially associated with an early production of autoantibodies, ➋
after RA diagnostic, in clinical stage, marked by the development of synovitis, pain and dis-
ease activity both increase and fluctuate without being entirely correlated each other, ➌
following an effective therapy, pain symptom can decrease in a remission stage, but ➍ in
a significant proportion of patients, pain symptoms persist even though the disease activity
decreased.
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Simplistically, pain processing begins with the activation of nociceptive primary af-
ferents, which innervate the joint.63 In turn, these nociceptive afferents lead to the acti-
vation of second-order neurons in the spinal dorsal horn that project via the
ventrolateral long tract to a variety of supraspinal centers in the brain. Some of these
projections through the somatosensory thalamus to the somatosensory cortex
mediate the so-called sensory discriminative aspect of pain, whereas other projec-
tions are through more medial thalamus regions and project to the areas of the limbic
forebrain associated with emotion and affect. The consequence is the pain state,
which comprises the emotional and affective factors that lead, ultimately, to a protec-
tive response.63,64 Although the acute activation of these circuits normally have
a protective role (eg, to evoke for example limb withdrawal), these states, when
chronic, becomemaladaptive. Such chronic pain attributes in RA have a marked prev-
alence in females.65–67 However, there is no common pathophysiologic sex-related
mechanism shared by all chronic pain conditions; each one can present specific fac-
tors that differ between females and males.68

Lack of Covariance with Physical Signs and Pain in Rheumatoid Arthritis

An important point to be made in the conceptual summary displayed in Fig. 1 is that,
although joint morphology, pathology, and loss of function primarily underlie the RA
diagnosis, pain displays deviations from the expression of the underlying clinically
evident pathology for the patient with RA. Of note, this dissociation has particular rele-
vance in that pain is the cardinal symptom of RA that strongly impacts these patients’
quality of life.69 In fact, 75% to 80% of patients with RA in treatment have moderate to
severe pain symptoms.70,71 Only 26% of patients are satisfied with their RA treat-
ment69 and between 55% and 65% of patients are unsatisfied with their pain manage-
ment,70 a priority for patients with RA.71 It is important to take into account that most of
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data are obtained from women (75%–90% depending on the study69,70). The actual
“treat to target” strategy for RA aims to decrease the pathologic changes72 and
thereby to modulate pain. However, joint pain is in fact poorly correlated with the in-
flammatory state of the patient with RA.62 Even with optimal regulation of inflammatory
cascades, pain has often been shown to be insufficiently controlled.57 It is well-
appreciated that joint pain (arthralgia) often begins before other manifestations of joint
inflammation73,74 and consequently before any diagnosis or the implementation of an
RA therapeutic strategy. A further complexity is that, although the RA phenotype in-
volves joint structures (synovia, cartilage, and bones), an autoimmune response
outside of the joint is also observed and is usually associated with other pathologies,
such as rheumatoid nodules, lymphatic vessel tumefaction, pleuritis, and cardiovas-
cular or ocular manifestations.75 These observations have led to an appreciation
that pain arising in association with RA may reflect parallel processes that may be
influenced by the variables that are associated with the physical manifestation of
RA and particularly given the role played by sex.

Covariance of Antibodies with Pain and Dissociation from Joint Manifestations

As presented in conceptual summary in Fig. 1, arthralgia can in fact be reported
months to years before the actual onset of clinically identified disease. It is now appre-
ciated that this onset of arthralgia may occur concurrently with the expression of au-
toantibodies (ie, rheumatoid factor,76 ACPA,77–79 anti-CarP,80–82 and anti-MAA83,84).
These autoantibodies can be detectable in patients reporting predisease arthralgias
and may be associated with persistent arthralgia during remission. Recently, a direct
link between ACPA isolated from patients with RA and pain development in mice has
been described85 and was felt to mechanistically involve chemokine production by os-
teoclasts.86 Phenotypic changes of in the Fc portion of antibodies, such as galactosy-
lation, fucosylation, or sialylation, could be involved in the proinflammatory profile
acquisition and certainly pronociceptive.87–90 In addition to autoantibodies, RA is
marked by an early alteration of cytokines and chemokines levels, such as IL-5 or
IL-17A,90–93 which are directly able to sensitize the nociceptor.63

As indicated in Fig. 1, during the clinical stage, synovitis development induces a
chronic joint pain marked by peripheral and central sensitization initially induced by
immune cells in RA.55 It is interesting to note that a comorbid condition, fibromyalgia,
reflects a chronic widespread pain associated with tenderness, sleep disturbance,
and psychiatric distress in the absence of clinical signs of inflammation. This condition
affects around 14% to 20% of patients with RA, with a higher prevalence in
women.94,95
PRECLINICAL MODELS AND SEXUAL DIMORPHISM IN THE PAIN PHENOTYPE OF
RHEUMATOID ARTHRITIS

Given the complexities of pain in different stages of arthritis, research efforts have
focused on drawing parallels between sex differences observed in RA pathophysi-
ology and sex differences underlying the pain phenotype observed clinically and in
preclinical models of RA.

Use of Rodent Models in Arthritis Studies to Study the Role of Sex

Pioneering studies on the sexual dimorphism of pain expression began to emerge
around 1988, when Bodnar and associates96,97 demonstrated sex differences in basal
nociceptive thresholds in rodents that seemed to be modulated by sex hormones. In
particular, a large number of publications came in the mid-1990s and drew
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considerable attention to the topic.66,68,98 Previously, most preclinical studies tradi-
tionally usedmales as subjects and the sex-related differences in pain and their mech-
anisms were not explored widely. In 2016, the National Institutes of Health initiated a
policy requiring preclinical research to use males and females in supported research.
Currently, it is clear that males and females do not manifest the same pain experience,
showing different physiologic and behaviorally defined pain responses.67–74 As
reviewed elsewhere in this article, overall, females, in preclinical models, often present
a lower threshold and or a heightened pain response than that observed in
males.99–101

Preclinical animal models of RA have been used to understand the pain phenotype
and response to analgesic drugs during development and maintenance of RA and can
be used to concurrently examine male and female rodents. Here we introduce animal
models of RA that have been used to understand sexual dimorphism in the RA pain
phenotype and studies directly addressing different hypotheses in relation to pain
mechanisms at the levels of primary afferent neurons, dorsal root ganglia (DRG) and
trigeminal ganglia, the dorsal horn of the spinal cord, and supraspinal structures.
Several preclinical models have been widely used to understand pain processing

and sexual dimorphism in RA (for review see61,102,103). Broadly speaking, these
models represent the induction of monoarthritis or polyarthritis with time-dependent
changes in the joint morphology (eg, synovial lesions, bone resorption, and cartilage
destruction), in the inflammatory phenotype (eg, synovial inflammation, infiltration of
immune cells), and in the development of pronounced and ongoing pain and changes
in behavior, including pain evoked behaviors (eg, mechanical and thermal thresholds),
pain-suppressed behaviors (eg, feeding, mating, and locomotor activity), and operant
conditioning (eg, conditioned place preference).102 As will be noted, in comparison
with the immunization model, collagen-induced arthritis, the collagen-antibody–
induced arthritis (CAIA), and K/BxN models present over time evidence of evolving
pain phenotypes.104 A brief description of these models is presented.

i. The complete Freud’s adjuvant (CFA) generated by an intradermal injection105 (pol-
yarthritis) or an intra-articular injection of CFA (monoarthritis).106,107 This model is
mediated by the innate immune system and leads to the infiltration of inflammatory
cells, synovial hypertrophy, and joint alterations, as well as inflammatory response
in the viscera, skin, and muscle. These rodents develop hypersensitivity to innoc-
uous stimuli with an immediate onset (<24 hours) and persisting for weeks.

ii. The collagen-induced arthritis model, which is induced by intradermal injection(s)
of type II collagen that activate the adaptive immune system and the production of
anticollagen II antibodies. This model of polyarthritis leads to a breach of self-
tolerance, T- and B-cell activity and activation of anticartilage immunity.108 In
this model, animals develop hypersensitivity at the onset of the disease (within
the second week) that persists for at least 28 days.

iii. The CAIA model is induced by an intraperitoneal or intravenous injection of a cock-
tail of anticollagen II antibodies followed by an intraperitoneal injection of lipopoly-
saccharide to synchronize the onset of inflammation. The CAIA model of
polyarthritis does not involve T and B cells, but directly uses antibodies against
joint-specific epitopes, leading to synovial inflammation, the infiltration of immune
cells, and the destruction of bone and cartilage. In this model, mechanical hyper-
sensitivity precedes the inflammatory phase and persists for 3 to 4 months, even
after the resolution of inflammation.61

iv. The K/BxN passive serum transfer model of polyarthritis is induced by the intraper-
itoneal injection(s) of sera from KRN-NOD (K/BxN) transgenic mice that
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demonstrate an inflammatory arthritis phenotype that begins shortly after weaning
and continues unabated into adulthood.109 The serum from the transgenic K/BxN
mice contains antibodies directed against glucose-6-phosphate isomerase and
associated immune complexes, leading to synovial inflammation, the infiltration
of immune cells, and the destruction of bone and cartilage. This model is charac-
terized by a biphasic period where tactile and cold allodynia are observed very
early after the delivery of the K/BxN serum.110 The clinical signs (eg, joint swelling,
erythema) resolve and, of note, the allodynia persists unabated. As noted in
Table 1, the early phase displays an inflammatory analgesic pharmacology,
whereas the late phase seems to represent an analgesic pharmacology of a neuro-
pathic state.

As shown in Table 1, in the models as described elsewhere in this article, a sexual
dimorphism for arthritis score, pain phenotype, neuraxial changes, and response to
treatment has been a focus of limited research to date with direct comparisons.
Regarding inflammation, females exhibited a higher arthritis score in CFA rats and fe-
male rats with collagen-induced arthritis had a greater susceptibility than males,
whereas in the CAIA and K/BxN passive transfer models, no difference was observed
in arthritis development between sexes (in mice). For the pain phenotype, a sexual
dimorphism was observed in female CFA rats that presented a lower evoked paw
pressure threshold, whereas there were no differences in the collagen-induced
arthritis male and female rats. In contrast, female K/BxN passive serum transfer
mice showed a resolution in both paw inflammation and evoked mechanical allodynia
pain phenotype in the late phase, whereas males presented a postinflammatory and
long-lasting allodynia.
Major sexual dimorphism was observed in the molecular mechanism of pain pro-

cessing; indeed, in the CAIA and K/BxN models. Female mice showed a spinal micro-
glia (ie, the ionized calcium binding adaptor molecule 1 marker) activation in early and
late phases and astrocyte activation (ie, the glial fibrillary acidic protein marker) only in
the late phase. Interestingly, K/BxN male mice presented only microglial activation in
the late phase and no significant astrocyte activation. In the CAIA model, both males
and females showed an increase of spinal calcitonin gene-related peptide and sub-
stance P, key neuropeptides involved in central sensitization playing a role in the
development and maintenance of hyperalgesia,114 but spinal galanin, a neuropeptide
known to be involved in neuropathic pain, was only increased in males in the late
phase of CAIA. In the K/BxN model, both males and females show an enhanced
expression of tumor necrosis factor in the spinal cord at the peak of paw inflammation.
However, also in the spinal cord females showed enhanced IL-10 messenger RNA
(mRNA) and in the late phase increased type I interferon-beta mRNA expression
compared with male mice. These protein and mRNA markers are leading to our
cellular and molecular understanding of the sex differences seen in the pain pheno-
types in arthritis.
In addition to the differences in the biomarkers of pain, there were sex differences in

the responses to pharmacologic treatments. In the CFA model, opioid agonists (eg,
morphine, butorphanol, oxycodone, and loperamide) were more potent in males
than in females. Intrathecal administration of glial inhibitors using minocycline or pen-
toxifylline were only effective in male CIAI mice, highlighting a prominent role for micro-
glia in male pain processing. Intrathecal injections also demonstrated that pain
modulation was largely at the spinal cord/DRG level in the K/BxN model. In the K/
BxN mice, intrathecal injection of anti-tumor necrosis factor antibodies transiently
reduced pain as did the injections of interferon-ß. Neither single agent was effective



Table 1
Sexual differences in preclinical models of inflammatory arthritis

Model Species
Arthritis
Score Pain Phenotype Neuraxial Changes Response to Treatment References

CFA Lewis rats \>_ \>_ Not investigated Morphine 5 times more
potent in _-treated CFA
vs \ Butorphanol 62 times
more potent in _-treated
CFA vs \ Oxycodone
greater % of
antihyperalgesia in
_-treated CFA vs \
Loperamide 4 times more
potent in _-treated CFA
vs \Naloxone \ 5 _

Cook & Nickerson,105 2005

CIA Lewis rats Dark agouti rats
Spragues Dawley rats

\>_ \ 5 _ Not investigated Tropomyosin receptor
kinase A inhibitor AR786
reduced pain behavior -
data for \ and _were not
separated

Ashraf et al,111 2016;
Dimitrijevi�c et al,54 2020

CAIA Balb/c mice CBA mice
C57BL/6 mice

\ 5 _ \ 5 _ In the spinal dorsal horn:
bIbal immunoreactivity

early and late phase \5 _

bGFAP late phase \ 5 _

bGalanin late phase only
in _

Minocycline and
pentoxifylline reversed
mechanical
hypersensitivity in the
late phase only in _

Fernandez-Zafra et al,112

2019

K/BxN C57BL/6 mice \ 5 _ Early phase \ 5 _

Late phase \<_
In the spinal cord: mRNA

TNF \w_

mRNA IL-10 \>_
mRNA interferon–ß \>_
In the spinal dorsal horn:
bIbal early and late phase

in \ but only late phase
for _

bGFAP late phase only in \

_anti-TNF 1 interferon-ß in
the early phase reduced
allodynia for at least 7 d

Woller et al,113 2019

Abbreviations: \, female; _, male; CFA, complete Freud adjuvant; CIA, collagen-induced arthritis; CAIA, collagen antibody-induced arthritis; K/BxN, K/BxN serum
transfer; GFP, glial fibrillary acidic protein; TNF, tumor necrosis factor.
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in the long term; however, 2 injections with both agents permanently reversed the pain
phenotype in male mice. This result suggested that the spontaneous biologic advan-
tage of self-remitting pain in female mice could be phenocopied with therapeutic in-
jections of biologic agents at the anatomic level of the difference between male and
female pain mechanisms (in this case the intrathecal space).

The Role of Sex Hormones

Sexual dimorphism in the pain experience is probably mostly defined by sex hor-
mones. Although the effect of these hormones on pain is complex and not yet
completely understood, it is well-known that sex hormones influence both peripheral
and central nervous system pathways by modulating neuronal activity.115 Considering
sex hormones in patients with RA, it is well-known that, during pregnancy, circulating
steroid hormones (ie, estrogen, progesterone, and cortisol) seem to directly or indi-
rectly suppress synovial inflammation inhibiting the maternal immune system and
inducing an immune tolerance.51 Moreover, postpartum, breastfeeding is associated
with a lower risk of RA52 and the production of prolactin that has immunomodulatory
properties.116 Furthermore, RA is more frequently observed after menopause and
menopause at a young age (�45 years old) is a risk factor for RA.53 Some studies
also demonstrated a protective effect of progesterone receptor signaling in mice117

and androgen may also protect against RA development in humans.118 Conversely,
androgen deprivation therapy119 or hypogonadism120 increases the risk of RA in
men. Therefore, a sexual dimorphism in the expression of pain phenotype in RA is un-
doubtedly associated, in part, by sex hormones.

Hormonal Receptors on Neurons

Androgen receptors (AR) are expressed in DRG sensory neurons and one-half of AR-
positive neurons were nociceptive afferents121; some studies have demonstrated the
involvement of testosterone in pain modulation.122–125 It has been shown that primary
afferents also express estrogen receptors (ERa and ERb).126,127 Preclinical models
have shown that ERa expression seems to be restricted to nociceptive afferents
whereas ERb is more widely distributed.128 It has been demonstrated that ERs can
play a role in the control of peripheral nociceptive signaling by interacting with puriner-
gic, P2X3, and transient receptor potential vanilloide 1 receptors in nociceptive
afferent neurons.127,129–133 The expression of both P2X3 and transient receptor poten-
tial vanilloide 1 receptors was significantly reduced in female ERs (ERa and ERb)
knockout mice compared with the expression in female wild type mice. Ma and col-
leagues130 demonstrated that ovariectomized female rats had an increase of P2X3
expression in DRG neurons followed by a higher mechanical sensitivity, which were
reversed by estrogen replacement. In contrast, mechanical sensitivity and P2X3
expression did not change in the DRG of orchiectomized male rats, evidencing the
relation between estrogen and P2X3 expression in nociceptive afferents. Because
P2X3 receptors are expressed in the fibers innervating joints, this relation between es-
trogen and P2X3 receptors might explain, at least in part, the sex differences in pain
observed in RA.
In addition, estrogen can also mediate the sex-related differences in substance P

release134 and in the expression of both nerve growth factor and its high-affinity re-
ceptor tropomyosin receptor kinase A in DRG neurons.135–137 Substance P expres-
sion is altered in the joint and dorsal horn of animals with arthritis.138,139 Nerve
growth factor and its receptor are involved in pain140 and rheumatic diseases.141

Calcitonin gene-related peptide expression in DRG neurons also undergoes an estro-
gen influence.142 Therefore, the effects of estrogen on nociceptive neurons may also
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be contributing to the sexual dimorphism in the pain phenotype of RA. However,
studies are needed comparing the female and male pain phenotypes and their noci-
ceptive afferent proteomic profiles. This need is more pronounced when a specific
condition is considered. Sensory afferent neurons also express prolactin receptors,
which modulate neuronal activity majorly in females.143 Patil and colleagues143

have shown that prolactin receptor mRNA was expressed equally in female and
male peptidergic nociceptors and central terminals; however, prolactin protein was
found only in females, and, in turn, prolactin-induced excitability was detected
only in female DRG neurons. Strikingly, in patients with RA, both males and females,
increased serum levels of prolactin cooperates with other proinflammatory stimuli to
activate macrophages,144 but the clinical significance of prolactin to RA pathogen-
esis remains unclear. Taking into account these recent data in the literature, it is plau-
sible that, during RA development, primary afferent neurons could play a role in
sexual dimorphism of the RA pain phenotype.

Sex Differences in Transcription at the Dorsal Root Ganglion

The sexual dimorphism in response to a noxious stimulus can involve differences at
the level of primary afferent neurons, dorsal root and trigeminal ganglia, dorsal horn
of the spinal cord and supraspinal structures. DRG and trigeminal ganglia primary
afferent neurons have been found as possible source of mechanistic diversity that
causes sex differences in pain.143,145 In fact, studies suggested sex-related differ-
ences in the sensory neuron transcriptome. A transcriptomic analysis of DRG shows
that prostaglandin D synthase, an enzyme involved in prostaglandins E2 production is
upregulated in female neurons.143,145 Prostaglandins E2 is well-known to be involved
in pain processing by inducing neuronal sensitization. Indeed, cyclo-oxygenase inhib-
itors have been widely used in pain management. Importantly, studies in rodent
arthritis models have described decreased inflammation in cyclo-oxygenase–deficient
mice in females, but not in males.146 However, in the same study, pain and sexual
dimorphism were not analyzed.

Sex Differences in Microglia and Macrophages

The sensory afferent neuron forms an excitatory synapse with second-order neu-
rons in the dorsal horn of the dorsal spinal cord to initiate transmission in the central
nervous system. A sexual dimorphism in pain processing in the spinal cord has
been described in the literature,67,147 including in animal models of RA (see
Table 1). Mogil and colleagues have shown that hypersensitivity in inflammatory
and neuropathic pain conditions in mice, can be attributed to distinct immune
cell types: microglia in males and T cells in females.148,149 Corroborating this
finding, the response to intrathecal administration of glial inhibitors are only effec-
tive in males and not in females in CAIA mice112 (see Table 1) and reinforced a sex
difference in pain neuraxial mechanisms. The purinergic receptor P2X4 is known to
play key roles in inflammatory response150 and is involved in a sex-dependent
manner in various pain conditions.151 In neuropathic pain, a male-specific upregu-
lation of P2X4R has been shown148 and an inhibition of spinal P2X4R attenuates
pain hypersensitivity in males but not females mice,152 which raises the questions
of whether microglial purinergic receptors could be involved in pain and sexual
dimorphism in RA.

Sex Differences in Pain Processing by the Brain

Other than DRGs or spinal cord changes, supraspinal structures involved with
high-order functions, such as anxiety, depression, and cognition, are critical
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component for pain processing.63 There is a sex-related difference in brain struc-
tures involved in pain perception and modulation that can be explained, at least in
part, by sex-hormones. Periaqueductal gray neurons, which project to the rostral
ventral medulla and constituting the primary descending pathway of pain inhibi-
tion, express sex hormone receptors. AR and ERa immunoreactive neurons
were widely distributed in the caudal periaqueductal gray neurons of male rats. Fe-
males had significantly fewer AR-positive neurons, although the quantity of ERa
was comparable between the sexes.153 A preclinical study showed that rostral
anterior cingulate cortex, an important brain structure involved in pain affect, is
also modulated by estrogen via ER.154 Considering deep tissue pain in humans,
brain imaging studies showed complex brain networks involved in sensory and af-
fective aspects of pain. Under many chronic pain conditions, it was observed
greater anterior cingulate cortex activation in females and insular cortex activation
in males.155 This sexual dimorphism of brain areas activation might contribute to
different pain-related responses, which could require different treatment based
on sex/gender differences. Although sex hormones have been suggested as key
drivers of the sexual dimorphism observed in the expression of pain, an important
sociocultural component must be also taking into account to explain the difference
of pain experience in humans.
SUMMARY AND FUTURE DIRECTIONS

Epidemiologic and clinical findings demonstrate sex differences in several pain condi-
tions, with women at higher risk of developing chronic pain. The central processing of
pain information involving higher order neural functions can explain, at least in part, the
sex-related differences in pain experienced by patients with RA. However, there is a
dearth in the literature of studies directly addressing sex-associated differences and
behavior in rodent models of inflammatory pain. As highlighted by Krock and col-
leagues,104 nearly 50% of studies focused on pain-like behavior in arthritis were con-
ducted only in male rodents. This observation reinforced that female and especially
female/male comparisons in arthritis pain research are still needed. Although RA is
an area of intense study, a single rodent model does not fully recapitulate disease.
However, current models have been a useful tool to understand the pathophysiology
and new targets to treat RA. Therefore, investigations with males and females are
needed to advance our understanding of which components of the inflammatory pro-
cesses that generate pain are subject to sex dimorphisms.
Therapies like nonsteroidal anti-inflammatory drugs have been used to treat pain in

RA and in preclinical models of RA.110,156 However, is important to note that studies
suggest a neuropathic phenotype in RA-associated pain,110,157 which would not be
adequately treated by NSAIDs. Therefore, examining available treatments used to
treat neuropathic pain might be valuable in addressing RA-associated pain. Strikingly,
a sexual dimorphism has been seen when it comes to pain management in some an-
imal models.158 This finding highlights the necessity for understanding the phenotype
of arthritis in both males and females to direct an effective treatment. It is noteworthy
that, in parallel to biological factors, psychosocial and cultural factors contribute
strongly to sexual dimorphism of pain perception in patients,159–164 and consequently
their response to therapy.
In conclusion, several animal models of RA have contributed our understanding of

the pathogenesis of RA and therapeutic management. However, we still need to navi-
gate through RA under a pain perspective, correlating key factors of RA that have not
been tested in the pain context and considering both sexes.
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CLINICS CARE POINTS

� Inflammatory joint pain exemplified in rheumatoid arthritis is regulated by different
processes in males and females.

� Some, but not all, of the sex differences in pain processing are associated with sex hormones
and their receptors.

� Sexual dimorphism in pain processing may also lead to sex differences in response to
treatment and therapies should be evaluated for differences in efficacy in males and females.

DISCLOSURE

The authors receive grant support from United States, NIH/NINDS 1 R01 NS099338
and 1 R01 NS102432-01.

REFERENCES

1. Tsoucalas G, Sgantzos M. Primary Asthenic gout by Augustin-Jacob Landre-
Beauvais in 1800: is this the first description of rheumatoid arthritis? Mediterr
J Rheumatol 2017;28(4):223–6.

2. Jokar M, Jokar M. Prevalence of inflammatory rheumatic diseases in a rheuma-
tologic outpatient clinic: analysis of 12626 cases. Rheumatol Res 2018;3(1):
21–7. https://doi.org/10.22631/rr.2017.69997.1037.

3. WHO scientific group on the burden of musculoskeletal conditions at the start of
the new millennium. The burden of musculoskeletal conditions at the start of the
new millennium. World Health Organ Tech Rep Ser. 2003;919:i-x, 1-218, back
cover. Available at: http://www.ncbi.nlm.nih.gov/pubmed/14679827. Accessed
January 15, 2018.

4. Minichiello E, Semerano L, Boissier MC. Incidence, prévalence et sévérité de la
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63. Gonçalves dos Santos G, Delay L, Yaksh TL, et al. Neuraxial cytokines in pain
states. Front Immunol 2020;10:3061.

64. Yaksh TL, Hunt MA, dos Santos GG. Development of new analgesics: an answer
to opioid epidemic. Trends Pharmacol Sci 2018;39(12):1000–2.

65. Torrance N, Smith BH, Bennett MI, et al. The epidemiology of chronic pain of
predominantly neuropathic origin. results from a general population survey.
J Pain 2006;7(4):281–9.

66. Fillingim RB, King CD, Ribeiro-Dasilva MC, et al. Sex, gender, and pain: a review
of recent clinical and experimental findings. J Pain 2009;10(5):447–85.

67. Mapplebeck JCS, Beggs S, Salter MW. Sex differences in pain: a tale of two im-
mune cells. Pain 2016;157:S2–6.

https://doi.org/10.3390/ijms17111852
https://doi.org/10.3390/ijms17111852
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref49
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref49
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref50
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref50
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref51
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref51
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref52
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref52
https://doi.org/10.1093/rheumatology/kew318
https://doi.org/10.1093/rheumatology/kew318
https://doi.org/10.1038/s41598-020-58127-y
http://www.ncbi.nlm.nih.gov/pubmed/28967354
http://www.ncbi.nlm.nih.gov/pubmed/28967354
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref56
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref56
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref57
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref57
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref57
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref58
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref58
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref58
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref58
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref59
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref59
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref60
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref61
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref61
http://www.ncbi.nlm.nih.gov/pubmed/24938192
http://www.ncbi.nlm.nih.gov/pubmed/24938192
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref63
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref63
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref64
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref64
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref65
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref65
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref65
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref66
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref66
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref67
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref67


Preclinical Models of Rheumatoid Arthritis 259
68. Aloisi AM. Why we still need to speak about sex differences and sex hormones
in pain. Pain Ther 2017;6(2):111–4.

69. Radawski C, Genovese MC, Hauber B, et al. Patient perceptions of unmet med-
ical need in rheumatoid arthritis: a cross-sectional survey in the USA. Rheumatol
Ther 2019;6(3):461–71.

70. Taylor P, Manger B, Alvaro-Gracia J, et al. Patient perceptions concerning pain
management in the treatment of rheumatoid arthritis. J Int Med Res 2010;38(4):
1213–24.

71. Heiberg T, Kvien TK. Preferences for improved health examined in 1,024 pa-
tients with rheumatoid arthritis: pain has highest priority. Arthritis Rheum 2002;
47(4):391–7.

72. Bergstra SA, Allaart CF. What is the optimal target for treat-to-target strategies in
rheumatoid arthritis? Curr Opin Rheumatol 2018;1. https://doi.org/10.1097/BOR.
0000000000000484.

73. van Baarsen LGM, de Hair MJH, Ramwadhdoebe TH, et al. The cellular compo-
sition of lymph nodes in the earliest phase of inflammatory arthritis. Ann Rheum
Dis 2013;72(8):1420–4.

74. de Hair MJH, van de Sande MGH, Ramwadhdoebe TH, et al. Features of the
synovium of individuals at risk of developing rheumatoid arthritis: implications
for understanding preclinical rheumatoid arthritis. Arthritis Rheumatol 2014;
66(3):513–22.

75. Das S, Padhan P. An overview of the extraarticular involvement in rheumatoid
arthritis and its management. J Pharmacol Pharmacother 2017;8(3):81–6.

76. Deane KD, Norris JM, Holers VM. Preclinical rheumatoid arthritis: identification,
evaluation, and future directions for investigation. Rheum Dis Clin North Am
2010;36(2):213–41.

77. Kurki P, Aho K, Palosuo T, et al. Immunopathology of rheumatoid arthritis. Anti-
keratin antibodies precede the clinical disease. Arthritis Rheum 1992;35(8):
914–7. Available at: http://www.ncbi.nlm.nih.gov/pubmed/1379430. Accessed
April 19, 2018.

78. Nielen MMJ, van Schaardenburg D, Reesink HW, et al. Specific autoantibodies
precede the symptoms of rheumatoid arthritis: a study of serial measurements in
blood donors. Arthritis Rheum 2004;50(2):380–6.

79. van de Stadt LA, de Koning MHMT, van de Stadt RJ, et al. Development of the
anti-citrullinated protein antibody repertoire prior to the onset of rheumatoid
arthritis. Arthritis Rheum 2011;63(11):3226–33.

80. Shi J, Knevel R, Suwannalai P, et al. Autoantibodies recognizing carbamylated
proteins are present in sera of patients with rheumatoid arthritis and predict joint
damage. Proc Natl Acad Sci U S A 2011;108(42):17372–7.

81. Shi J, van Steenbergen HW, van Nies JAB, et al. The specificity of anti-
carbamylated protein antibodies for rheumatoid arthritis in a setting of early
arthritis. Arthritis Res Ther 2015;17:339.

82. Shi J, Van De Stadt LA, Levarht EWN, et al. Anti-carbamylated protein (anti-
CarP) antibodies precede the onset of rheumatoid arthritis. Ann Rheum Dis
2014;73(4):780–3.

83. Thiele GM, Duryee MJ, Anderson DR, et al. Malondialdehyde-acetaldehyde ad-
ducts and anti-malondialdehyde-acetaldehyde antibodies in rheumatoid
arthritis. Arthritis Rheumatol 2015;67(3):645–55.

84. Mikuls TR, Duryee MJ, Rahman R, et al. Enrichment of malondialdehyde–
acetaldehyde antibody in the rheumatoid arthritis joint. Rheumatology 2017;
56(10):1794–803.

http://refhub.elsevier.com/S0889-857X(20)30141-1/sref68
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref68
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref69
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref69
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref69
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref70
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref70
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref70
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref71
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref71
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref71
https://doi.org/10.1097/BOR.0000000000000484
https://doi.org/10.1097/BOR.0000000000000484
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref73
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref73
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref73
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref74
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref74
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref74
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref74
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref75
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref75
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref76
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref76
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref76
http://www.ncbi.nlm.nih.gov/pubmed/1379430
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref78
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref78
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref78
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref79
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref79
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref79
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref80
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref80
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref80
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref81
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref81
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref81
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref82
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref82
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref82
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref83
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref83
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref83
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref84
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref84
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref84


Delay et al260
85. Wigerblad G, Bas DB, Fernades-Cerqueira C, et al. Autoantibodies to citrulli-
nated proteins induce joint pain independent of inflammation via a
chemokine-dependent mechanism. Ann Rheum Dis 2016;75(4):730–8.

86. Harre U, Georgess D, Bang H, et al. Induction of osteoclastogenesis and bone
loss by human autoantibodies against citrullinated vimentin. J Clin Invest 2012;
122(5):1791–802.

87. Scherer HU, van der Woude D, Ioan-Facsinay A, et al. Glycan profiling of anti-
citrullinated protein antibodies isolated from human serum and synovial fluid.
Arthritis Rheum 2010;62(6):1620–9.

88. Rombouts Y, Ewing E, van de Stadt LA, et al. Anti-citrullinated protein antibodies
acquire a pro-inflammatory Fc glycosylation phenotype prior to the onset of
rheumatoid arthritis. Ann Rheum Dis 2015;74(1):234–41.

89. Pfeifle R, Rothe T, Ipseiz N, et al. Regulation of autoantibody activity by the IL-
23-TH17 axis determines the onset of autoimmune disease. Nat Immunol 2017;
18(1):104–13.

90. Molendijk M, Hazes JM, Lubberts E. From patients with arthralgia, pre-RA and
recently diagnosed RA: what is the current status of understanding RA patho-
genesis? RMD Open 2018;4(1):e000256.

91. Deane KD, O’Donnell CI, Hueber W, et al. The number of elevated cytokines and
chemokines in preclinical seropositive rheumatoid arthritis predicts time to diag-
nosis in an age-dependent manner. Arthritis Rheum 2010;62(11):3161–72.
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122. Fanton LE, Macedo CG, Torres-Chávez KE, et al. Activational action of testos-
terone on androgen receptors protects males preventing temporomandibular
joint pain. Pharmacol Biochem Behav 2017. https://doi.org/10.1016/j.pbb.
2016.07.005.

123. Fischer L, Clemente JT, Tambeli CH. The protective role of testosterone in the
development of temporomandibular joint pain. J Pain 2007. https://doi.org/10.
1016/j.jpain.2006.12.007.

124. Lesnak JB, Inoue S, Lima L, et al. Testosterone protects against the develop-
ment of widespread muscle pain in mice. Pain 2020. https://doi.org/10.1097/j.
pain.0000000000001985.

125. Kato Y, Shigehara K, Kawaguchi S, et al. Efficacy of testosterone replacement
therapy on pain in hypogonadal men with chronic pain syndrome: a subanalysis
of a prospective randomised controlled study in Japan (EARTH study). Andro-
logia 2020. https://doi.org/10.1111/and.13768.

126. Gold MS, Flake NM. Inflammation-mediated hyperexcitability of sensory neu-
rons. Neurosignals 2005;14(4):147–57.

127. Cho T, Chaban VV. Expression of P2X3 and TRPV1 receptors in primary sensory
neurons from estrogen receptors-a and estrogen receptor-b knockout mice.
Neuroreport 2012. https://doi.org/10.1097/WNR.0b013e328353fabc.

128. Taleghany N, Sarajari S, DonCarlos LL, et al. Differential expression of estrogen
receptor alpha and beta in rat dorsal root ganglion neurons. J Neurosci Res
1999. https://doi.org/10.1002/(SICI)1097-4547(19990901)57:5<603::AID-
JNR3>3.0.CO;2-R.

129. Lu Y, Jiang Q, Yu L, et al. 17b-estradiol rapidly attenuates P2X3 receptor-
mediated peripheral pain signal transduction via ERa and GPR30. Endocri-
nology 2013. https://doi.org/10.1210/en.2012-2119.

130. Ma B, hua Yu L, Fan J, et al. Estrogen modulation of peripheral pain signal trans-
duction: involvement of P2X3 receptors. Purinergic Signal 2011. https://doi.org/
10.1007/s11302-010-9212-9.

131. Chaban V, Li J, McDonald JS, et al. Estradiol attenuates the adenosine
triphosphate-induced increase of intracellular calcium through group II metab-
otropic glutamate receptors in rat dorsal root ganglion neurons. J Neurosci
Res 2011. https://doi.org/10.1002/jnr.22718.

132. Cho T, Chaban VV. Interaction Between P2X3 and Oestrogen Receptor (ER)a/
ERb in ATP-Mediated Calcium Signalling In Mice Sensory Neurones. J Neuroen-
docrinol 2012;24(5):789–97. https://doi.org/10.1111/j.1365-2826.2011.02272.x.

133. Xu S, Cheng Y, Keast JR, et al. 17b-estradiol activates estrogen receptor b-sig-
nalling and inhibits transient receptor potential vanilloid receptor 1 activation by
capsaicin in adult rat nociceptor neurons. Endocrinology 2008. https://doi.org/
10.1210/en.2008-0278.

134. Nazarian A, Tenayuca JM, Almasarweh F, et al. Sex differences in formalin-
evoked primary afferent release of substance P. Eur J Pain 2014. https://doi.
org/10.1002/j.1532-2149.2013.00346.x.

135. Sohrabji F, Miranda RC, Toran-Allerand CD. Estrogen differentially regulates es-
trogen and nerve growth factor receptor mRNAs in adult sensory neurons.
J Neurosci 1994. https://doi.org/10.1523/jneurosci.14-02-00459.1994.

136. Liuzzi FJ, Scoville SA, Bufton SM. Long-term estrogen replacement coordinately
decreases trkA and b-PPT mRNA levels in dorsal root ganglion neurons. Exp
Neurol 1999. https://doi.org/10.1006/exnr.1998.6999.

https://doi.org/10.1016/j.pbb.2016.07.005
https://doi.org/10.1016/j.pbb.2016.07.005
https://doi.org/10.1016/j.jpain.2006.12.007
https://doi.org/10.1016/j.jpain.2006.12.007
https://doi.org/10.1097/j.pain.0000000000001985
https://doi.org/10.1097/j.pain.0000000000001985
https://doi.org/10.1111/and.13768
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref126
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref126
https://doi.org/10.1097/WNR.0b013e328353fabc
https://doi.org/10.1002/(SICI)1097-4547(19990901)57:5&lt;603::AID-JNR3&gt;3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-4547(19990901)57:5&lt;603::AID-JNR3&gt;3.0.CO;2-R
https://doi.org/10.1210/en.2012-2119
https://doi.org/10.1007/s11302-010-9212-9
https://doi.org/10.1007/s11302-010-9212-9
https://doi.org/10.1002/jnr.22718
https://doi.org/10.1111/j.1365-2826.2011.02272.x
https://doi.org/10.1210/en.2008-0278
https://doi.org/10.1210/en.2008-0278
https://doi.org/10.1002/j.1532-2149.2013.00346.x
https://doi.org/10.1002/j.1532-2149.2013.00346.x
https://doi.org/10.1523/jneurosci.14-02-00459.1994
https://doi.org/10.1006/exnr.1998.6999


Preclinical Models of Rheumatoid Arthritis 263
137. Lanlua P, Decorti F, Gangula PRR, et al. Female steroid hormones modulate re-
ceptors for nerve growth factor in rat dorsal root ganglia. Biol Reprod 2001.
https://doi.org/10.1095/biolreprod64.1.331.

138. Garrett NE, Mapp PI, Cruwys SC, et al. Role of substance P in inflammatory
arthritis. Ann Rheum Dis 1992. https://doi.org/10.1136/ard.51.8.1014.

139. Keeble JE, Brain SD. A role for substance P in arthritis? Neurosci Lett 2004.
https://doi.org/10.1016/j.neulet.2003.12.020.

140. Denk F, Bennett DL, McMahon SB. Nerve growth factor and pain mechanisms.
Annu Rev Neurosci April 2017. https://doi.org/10.1146/annurev-neuro-072116-
031121.

141. Seidel MF, Herguijuela M, Forkert R, et al. Nerve growth factor in rheumatic dis-
eases. Semin Arthritis Rheum 2010;40(2):109–26.

142. Yang Y, Ozawa H, Lu H, et al. Immunocytochemical analysis of sex differences
in calcitonin gene- related peptide in the rat dorsal root ganglion, with special
reference to estrogen and its receptor. Brain Res 1998. https://doi.org/10.
1016/S0006-8993(98)00021-3.

143. Patil M, Belugin S, Mecklenburg J, et al. Prolactin regulates pain responses via a
female-selective nociceptor-specific mechanism. iScience 2019;20:449–65.

144. Tang MW, Reedquist KA, Garcia S, et al. The prolactin receptor is expressed in
rheumatoid arthritis and psoriatic arthritis synovial tissue and contributes to
macrophage activation. Rheumatology (Oxford) 2016;55(12):2248–59.

145. Tavares-Ferreira D, Ray PR, Sankaranarayanan I, et al. Sex differences in noci-
ceptor translatomes contribute to divergent prostaglandin signaling in male and
female mice Short title: sex differences in mouse nociceptor translatomes. bio-
Rxiv 2020. https://doi.org/10.1101/2020.07.31.231753.

146. Chillingworth NL, Morham SG, Donaldson LF. Sex differences in inflammation
and inflammatory pain in cyclooxygenase-deficient mice. Am J Physiol Regul In-
tegr Comp Physiol 2006;291(2):R327–34.

147. Dimitrijevi�c M, Arsenovi�c-Ranin N, Kosec D, et al. Sex differences in Tfh cell help
to B cells contribute to sexual dimorphism in severity of rat collagen-induced
arthritis. Sci Rep 2020;10(1):1–15.

148. Sorge RE, Mapplebeck JCS, Rosen S, et al. Different immune cells mediate me-
chanical pain hypersensitivity in male and female mice. Nat Neurosci 2015;
18(8):1081–3.

149. Sorge RE, LaCroix-Fralish ML, Tuttle AH, et al. Spinal cord toll-like receptor 4
mediates inflammatory and neuropathic hypersensitivity in male but not female
mice. J Neurosci 2011;31(43):15450–4.

150. Zhang W j, Luo H l, Zhu Z m. The role of P2X4 receptors in chronic pain: a po-
tential pharmacological target. Biomed Pharmacother 2020;129. https://doi.org/
10.1016/j.biopha.2020.110447.

151. Halievski K, Ghazisaeidi S, Salter MW. Sex-dependent mechanisms of chronic
pain: a focus on microglia and P2X4R. J Pharmacol Exp Ther 2020;120:265017.

152. Mapplebeck JCS, Dalgarno R, Tu YS, et al. Microglial P2X4R-evoked pain hy-
persensitivity is sexually dimorphic in rats. Pain 2018;159(9):1752–63.

153. Loyd DR, Murphy AZ. Androgen and estrogen (a) receptor localization on peri-
aqueductal gray neurons projecting to the rostral ventromedial medulla in the
male and female rat. J Chem Neuroanat 2008. https://doi.org/10.1016/j.
jchemneu.2008.08.001.

154. Xiao X, Yang Y, Zhang Y, et al. Estrogen in the anterior cingulate cortex contrib-
utes to pain-related aversion. Cereb Cortex 2013. https://doi.org/10.1093/
cercor/bhs201.

https://doi.org/10.1095/biolreprod64.1.331
https://doi.org/10.1136/ard.51.8.1014
https://doi.org/10.1016/j.neulet.2003.12.020
https://doi.org/10.1146/annurev-neuro-072116-031121
https://doi.org/10.1146/annurev-neuro-072116-031121
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref141
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref141
https://doi.org/10.1016/S0006-8993(98)00021-3
https://doi.org/10.1016/S0006-8993(98)00021-3
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref143
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref143
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref144
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref144
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref144
https://doi.org/10.1101/2020.07.31.231753
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref146
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref146
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref146
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref147
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref147
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref147
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref147
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref147
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref148
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref148
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref148
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref149
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref149
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref149
https://doi.org/10.1016/j.biopha.2020.110447
https://doi.org/10.1016/j.biopha.2020.110447
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref151
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref151
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref152
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref152
https://doi.org/10.1016/j.jchemneu.2008.08.001
https://doi.org/10.1016/j.jchemneu.2008.08.001
https://doi.org/10.1093/cercor/bhs201
https://doi.org/10.1093/cercor/bhs201


Delay et al264
155. Traub RJ, Ji Y. Sex differences and hormonal modulation of deep tissue pain.
Front Neuroendocrinol 2013;34(4):350–66.

156. Crofford LJ. Use of NSAIDs in treating patients with arthritis. Arthritis Res Ther
2013;15:S2. https://doi.org/10.1186/ar4174. Suppl 3(Suppl 3).

157. Christianson CA, Corr M, Yaksh TL, et al. K/BxN serum transfer arthritis as a
model of inflammatory joint pain. Methods Mol Biol 2012;851:249–60.

158. Hurley RW, Adams MCB. Sex, gender, and pain: an overview of a complex field.
Anesth Analg 2008;107(1):309–17.

159. Bartley EJ, Palit S. Gender and pain. Curr Anesthesiol Rep 2016;6(4):344–53.
160. Bartley EJ, Fillingim RB. Sex differences in pain: a brief review of clinical and

experimental findings. Br J Anaesth 2013;111(1):52–8.
161. Berkley KJ, Zalcman SS, Simon VR. Sex and gender differences in pain and

inflammation: a rapidly maturing field. Am J Physiol Regul Integr Comp Physiol
2006;291(2):241–4.

162. Greenspan JD, Craft RM, LeResche L, et al. Studying sex and gender differ-
ences in pain and analgesia: A consensus report. Pain 2007;132(SUPPL. 1):
S26. https://doi.org/10.1016/j.pain.2007.10.014.

163. Kuba T, Quinones-Jenab V. The role of female gonadal hormones in behavioral
sex differences in persistent and chronic pain: clinical versus preclinical studies.
Brain Res Bull 2005;66(3):179–88.

164. Strassman AM, Mineta Y, Vos BP. Distribution of fos-like immunoreactivity in the
medullary and upper cervical dorsal horn produced by stimulation of dural
blood vessels in the rat. J Neurosci 1994;14(6):3725–35.

http://refhub.elsevier.com/S0889-857X(20)30141-1/sref155
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref155
https://doi.org/10.1186/ar4174
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref157
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref157
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref158
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref158
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref159
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref160
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref160
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref161
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref161
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref161
https://doi.org/10.1016/j.pain.2007.10.014
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref163
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref163
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref163
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref164
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref164
http://refhub.elsevier.com/S0889-857X(20)30141-1/sref164

	Sexual Dimorphism in the Expression of Pain Phenotype in Preclinical Models of Rheumatoid Arthritis
	Key points
	A brief overview of rheumatoid arthritis
	Pain in rheumatoid arthritis
	Model of Phases of Pain in Rheumatoid Arthritis
	Lack of Covariance with Physical Signs and Pain in Rheumatoid Arthritis
	Covariance of Antibodies with Pain and Dissociation from Joint Manifestations

	Preclinical models and sexual dimorphism in the pain phenotype of rheumatoid arthritis
	Use of Rodent Models in Arthritis Studies to Study the Role of Sex
	The Role of Sex Hormones
	Hormonal Receptors on Neurons
	Sex Differences in Transcription at the Dorsal Root Ganglion
	Sex Differences in Microglia and Macrophages
	Sex Differences in Pain Processing by the Brain

	Summary and future directions
	Clinics care points
	References


